Purpose Administering the best treatment after failure of epidermal growth factor receptor (EGFR) tyrosine kinase inhibitor (TKI) therapy requires knowledge of resistance status. In this trial, treatment efficacy of osimertinib was assessed in patients with non-small cell lung carcinoma (NSCLC) harboring the T790M resistance mutation, detected from circulating tumor DNA (ctDNA) with unknown tumor mutation status.
Introduction
Resistance develops in most patients treated with epidermal growth factor receptor-tyrosine kinase inhibitors (EGFRTKIs) as first-line treatment for EGFR-mutant non-small cell lung cancer (NSCLC). Among several resistance mechanisms, the EGFR T790M mutation occurs in up to 60% of these patients [1] .
Osimertinib is an orally bioavailable, potent, and irreversible third-generation EGFR-TKI for EGFR sensitizing mutations, including the T790M resistance mutation, and has a significant selectivity margin against wild-type EGFR [2] [3] [4] [5] . Studies of osimertinib (AURA series) in patients with T790M-positive NSCLC who were previously treated with EGFR-TKI have shown promising efficacy with osimertinib [2] [3] [4] . In a tissue-based assay, the objective response rate (ORR) ranged from 62% to 71%, the median duration of response (DoR) ranged from 9.7 to 15.2 months, and the median progression-free survival (PFS) ranged from 9.6 to 12.3 months. In addition, osimertinib has acceptable toxicity and tolerability compared with the first-and second-generation EGFRTKIs [2] [3] [4] . As a result, osimertinib is currently being applied in real practice, or is under investigation, as a treatment option in: (1) patients with advanced T790M-positive NSCLC who have previously failed an EGFR-TKI therapy; (2) patients with advanced EGFR-mutant NSCLC who are treatment-naïve [5] ; or (3) combination with novel agents for patients with EGFR-TKIresistant NSCLC [6] .
The significant evidence of osimertinib efficacy is based on studies in patients with EGFR T790M mutations detected from tumor DNA. Thus, the knowledge of EGFR mutation status is a crucial step in selecting the best treatment in firstand second-line settings after acquiring resistance. Although tumor biopsy is the conventional, standard method for mutation detection, obtaining sufficient tumor tissue or cytology samples for analysis remains a challenge [7] , especially from patients in whom the disease progressed after previous therapy. Recent studies have shown that circulating tumor DNA (ctDNA) can be used as a suitable substitute for tumor DNA analysis of the EGFR T790M mutation and activating mutation statuses [8] [9] [10] . ctDNA from peripheral blood can track the genomic evolution of tumor cells and reflect the genetic landscape of metastatic and primary tumors [7] . Plasma genotyping using ctDNA has been demonstrated as a highly sensitive and specific technique for detection of the EGFR mutation, with an excellent positive predictive value [9] .
Promising evidence of the efficacy of osimertinib treatment has also been observed in patients who are positive for the T790M mutation detected in plasma [4, 11, 12] (ORR 64% to 77% and PFS 8.2 to 9.3 months), suggesting that liquid biopsy using plasma ctDNA provides an alternative when tumor biopsy is not feasible for identifying patients who may benefit from third-generation EGFR-TKI, with almost equivalent efficacy to tissue analysis. However, there has been no prospective trial showing the efficacy of osimertinib in patients who tested positive for T790M mutation on plasma analysis.
Based on unmet clinical needs, this trial assessed the treatment efficacy of osimertinib in patients with NSCLC harboring the T790M mutation, which was detected from ctDNA with unknown tumor EGFR mutation status, after failure of previous EGFR-TKI. Must have experienced clinical benefit from prior EGFR-TKI, according to the Jackman criteria, followed by systemic objective progression (RECIST) while on continuous treatment with EGFR-TKI,
Performance deterioration (n=1), expire (n=1), c) Tumor tissue (n=35), pleural fluid cytology (n=5), cerebrospinal fluid cytology (n=2), and fine needle aspiration cytology (n=1), d) Response not evaluable: poor adherence to treatment due to sepsis (n=1) and rapid deterioration leading to death (n=3), e) Negative (n=28), invalid or not requested for analysis (n=3).
Materials and Methods

Trial design and subjects
This was a phase II, open-label, single-center study of osimertinib in patients with locally advanced or metastatic NSCLC in whom the disease had progressed after prior EGFR-TKI (gefitinib, erlotinib, afatinib, or dacomitinib) therapy. Between September 2016 and September 2017, we recruited patients with histologically or cytologically-diagnosed NSCLC harboring activating EGFR mutations (G719X, exon 19 deletion, L858R, L861Q) or patients who had experienced clinical benefits from prior EGFR-TKI therapy, followed by systemic objective progression while on continuous treatment with EGFR-TKIs according to the Jackman criteria [13] .
All patients were required to provide a blood sample at screening to test for the T790M mutation in plasma. Fifteen mL of peripheral blood was withdrawn and centrifuged immediately before storage. ctDNA extraction and EGFR mutation analysis were performed by PANA Mutyper (Panagene Inc., Daejeon, Korea, hereafter Pana), based on peptide nucleic acid (PNA)-mediated polymerase chain reaction (PCR) clamping and melting technology, and the Cobas EGFR mutation test, ver. 2 (Roche Molecular Systems, Pleasanton, CA, hereafter Cobas), based on a real-time PCR technique, simultaneously. Patients who harbored the T790M mutation, detected by either of the two tests, with unknown tumor EGFR mutation status were enrolled in this trial. If the T790M mutation was not detected by both tests, re-biopsy was recommended and attempted in feasible patients. For genotyping of tumor tissue or cytology samples, the PNA Clamp EGFR mutation detection kit (Panagene Inc.) was used ( Fig. 1) .
Eligibility criteria are provided in detail in the Supplementary Material. Patients with central nervous system (CNS) metastases could be enrolled if their disease was asymptomatic or stable after local therapy, including surgery or radiotherapy, before the first dose of osimertinib.
Trial procedure, assessment, and treatment
Eligible patients received 80 mg of osimertinib once a day, regardless of food ingestion, and treatment continued until disease progression as defined by the Response Evaluation Criteria in Solid Tumors (RECIST) ver. 1.1 [14] , unacceptable toxicity, or another reason occurred. Response evaluation was performed every 8 weeks for the first three assessments (24 weeks), followed by every 12 weeks, for subsequent assessments. Brain imaging studies were regularly performed in patients with known brain metastases. For the remaining patients, brain imaging studies were performed when they showed symptoms or signs of CNS metastases. Patients could continue osimertinib after RECIST 1.1-defined progression if they maintained clinical benefits, as assessed by an investigator.
The primary objective was ORR (assessed by RECIST 1.1) of osimertinib in NSCLC after acquired resistance to prior EGFR-TKI, with the T790M mutation detected from ctDNA. The secondary objective was to compare the sensitivity of the EGFR mutation detection methods (Pana vs. Cobas) using ctDNA. In addition, PFS, DoR, and safety and tolerability parameters of osimertinib were also measured. PFS was defined as the time (in months) from the first date of osimertinib treatment until the date of objective disease progression or death, regardless of whether the patient was withdrawn from therapy or received another anticancer therapy prior to progression. DoR was defined as the time (in months) from the documentation of the tumor response to disease progression or death in a patient who had the best overall complete or partial remission response.
Adverse events (AEs) were measured from the beginning of drug administration, throughout the treatment period, until 28 days after the last dose of osimertinib. AEs were graded according to the National Cancer Institute Common Terminology Criteria for Adverse Events (CTCAE), version 4.0. If a patient experienced a CTCAE of grade 3 or higher and/or unacceptable toxicity (any grade) that was considered to be associated with osimertinib, dosing could be interrupted for up to 3 weeks. If the toxicity resolved or reverted to CTCAE grade  2 within 3 weeks of onset, osimertinib could be restarted at the same dose (80 mg, daily) or a lower dose (40 mg, daily), excluding cases with any grade of pulmonary toxicity, symptomatic corrected QT interval prolongation, or corneal ulceration. Once a dose had been reduced, it was not re-escalated at future cycles.
Statistical analysis
Patients who were eligible for this study represented a heterogeneous population with prior exposures to EGFR-TKIs and potential previous exposures to multiple lines of cytotoxic chemotherapies. We assumed the null hypothesis as ORR 30% because most patients could be chemotherapynaïve and treated with only one prior EGFR-TKI therapy. An alternative hypothesis of ORR 60% was adopted from the AURA phase I study, which showed that ORR was 61% among 127 T790M mutation-positive patients [2] . To prove the 60% ORR of osimertinib compared to the 30% of the null hypothesis, considering the 10% drop out rate, 19 patients were required to be enrolled in this study (H0 proportion, 0.3; H1 proportion, 0.6; sample size, 17; power, 0.8; significance, 0.05, one-sided).
The sensitivity of the EGFR mutation test using ctDNA was expected to be 60% from the screening analyses that were performed in previous studies [11, 12] . Considering the 40% detection rate of the T790M mutation in real-practice tissue genotyping [15] [16] [17] , the number of individuals required for screening was expected to be greater than 79 patients (19/0.4/0.6=79). The sensitivity of ctDNA EGFR T790M mutation-detection methods was calculated as the percentage of ctDNA T790M-positive cases (n) among the estimated T790M-positive cases (n+number of cases negative for ctDNA T790M mutationT790M-positive rate in tumor genotyping). According to the study protocol, the ORR was assessed in the response-evaluable (RE) patients; RE patients were defined as subjects who had received at least one dose of treatment and for whom response evaluations were available. Baseline characteristics, safety data, PFS, and DoR were analyzed in an intent-to-treat (ITT) population (n=19) (Fig. 1) . The expected median PFS, set to 10 months, was adopted from the AURA phase I study [2] in which the median PFS was 9.6 months (updated to 12.3 months and 10.1 months in AURA phase II and III studies, respectively) [3, 4] .
Intergroup comparisons were performed using the MannWhitney U test for continuous variables, and Pearson's chisquare or Fisher exact tests for categorical variables. Survival times were estimated for each group using the Kaplan-Meier method. Statistical analyses were performed with IBM SPSS Cancer Res Treat. 2019;51(2):777-787 Values are presented as median (range) or number (%). ctDNA, circulating tumor DNA; ADC, adenocarcinoma; RT, radiotherapy; TKI, tyrosine kinase inhibitor; EGFR, epidermal growth factor receptor. Re-biopsy after osimertinib treatment (n=4), invalid for analysis (n=5).
ver. 23 (IBM Corp., Armonk, NY), and p-values of < 0.05 indicated statistical significance.
Ethical statement
This study was conducted in accordance with the Declaration of Helsinki and Good Clinical Practice guidelines and was approved by the institutional ethics review boards (CNUHH-2016-065) and the Korean Ministry of Food and Drug Safety (30956). All patients were required to provide written informed consent before participating in this study. The trial was registered at clinicaltrials.gov (NCT02769286).
Results
Patient characteristics
Eighty patients with acquired resistance to prior EGFRTKIs were screened for the T790M resistance mutation from September 2016 to September 2017. The majority of patients were female and never smokers. The ctDNA of 21 patients (26.3%) were positive for the T790M mutation, and 19 subjects were enrolled in this trial. Among 59 patients negative for the ctDNA T790M mutation, genotyping using tumor tissue or cytology samples were successful in 43 patients, and the T790M mutation was detected in 12 patients (12/43, 27.9%) (Fig. 1) .
Baseline characteristics of the screened patients according to positivity of ctDNA T790M mutation are compared in Table 1 . The ctDNA T790M-positive cases were more likely to have systemic progression (p=0.018), a higher rate of brain metastasis at screening (p=0.228), and a higher proportion of exon 19 deletion mutations (p=0.130) than ctDNA T790M-negative patients.
Sensitivity of EGFR mutation tests for T790M detection
The EGFR T790M mutation was detected by both the Pana and Cobas tests in 13 cases, only by Pana in four cases, and only by Cobas in four cases. Both T790M and EGFR sensitizing mutations were detected in 95.2% of the ctDNA T790M-positive cases (20/21) ( Table 2) .
Among 59 T790M-negative ctDNA samples, the EGFRactivating mutation was present in only 54.2% of cases, suggesting false-negative results of ctDNA testing due to low Cheol-Kyu Park, Osimertinib in ctDNA T790M-Positive Patients In this case, both tests (1) and (2) detected T790M from ctDNA. However, no EGFR mutation was detected in tumor genotyping at diagnosis or in pleural fluid genotyping after failure of first-line EGFR-TKI treatment (case No. 10), b) As the T790M mutation was detected in 12 of 43 tumor genotyping tests, 27.9% (12/43) of 59 ctDNA-negative cases was assumed to have T790M (n=16). If we added 21 cases with positive ctDNA T790M, a total of 37 patients were estimated to have the T790M EGFR mutation. (1) and (2) 21/37 (56. 8) tumor DNA content or poor DNA quality. With subsequent genotyping tests using tumor samples acquired immediately after failure of ctDNA testing (29/43) or one or more lines of chemotherapy (14/43), the T790M mutation was detected in 12 of 43 cases (27.9%); thus, the estimated prevalence of the T790M mutant was calculated as 590.279 (n=16). If we added ctDNA T790M-positive cases (n=21), the total number of T790M EGFR mutants was calculated as 37 among 80 screened subjects (46.3%). Thus, the sensitivity of the ctDNA tests was 56.8% (21/37) using both methods and 45.9%
(17/37) with either the Pana or Cobas test (Table 2) .
Response and survival
The response to osimertinib was evaluable in 15 patients (RE population). Among the RE population, complete (n=1) or partial (n=9) remissions were observed in 10 cases (ORR 66.7%), and the disease control rate (DCR) was 100.0% (Fig. 2) . In the ITT population, the ORR and DCR were 52.6% (10/19) DoR was performed at 84.2% maturity (16/19) in the ITT population. The data cut-off date was June 30, 2018 and the median follow-up duration was 15.7 months (95% confidence interval [CI], 13.0 to 18.4). The median PFS was 8.3 months (95% CI, 7.9 to 8.7), and the median DoR was 6.8 months (95% CI, 5.3 to 8.3). Most patients showed objective responses within two cycles of osimertinib. In comparison to the treatment efficacy parameters, ORR and PFS according to brain metastasis were not significant (Table 3) .
Response to osimertinib was not significantly different according to the ctDNA genotyping method. Excluding the patients who failed the screening (n=2) and those who were incapable of undergoing the response assessment (n=4), ORR and DCR according to positive results of T790M mutation tests were as follows: both Pana and Cobas positive, 67% and 100%; Pana only, 100% and 100%; and Cobas only, 33% and 100%; respectively (p > 0.05) ( Table 3) .
Four patients were not assessed with respect to their responses to treatment due to poor adherence to treatment from sepsis (n=1) or rapid deterioration leading to death (n=3) ( Table 4 , Fig. 1 ). These four patients were treated with osimertinib for less than 2 weeks. Molecular profiles of tumor genotyping and clinical efficacy of osimertinib in all ctDNA T790M-positive patients are described in Table 4 . Table 5 shows the toxicity profiles of the ITT population. AEs occurred in 17 of 19 patients (89.5%), and grade 3 or 4 events developed in six patients (31.6%). The majority of AEs were gastrointestinal and skin manifestations. One subject (numbered 3 in Table 4 ) experienced grade 3 drug-related AEs. With osimertinib as a second-line treatment, partial remission was observed in the first response evaluation; however, chest imaging showed diffuse ground-glass opacities and multifocal consolidations in both lungs, which were suggestive of interstitial pneumonitis. After discontinuing osimertinib therapy, the pneumonitis was treated with prednisolone and empirical antibiotic treatment. Without recontinuation of osimertinib therapy, the patient showed disease progression after 5.1 months of PFS, and then received cytotoxic chemotherapy and olmutinib.
Toxicity and safety
Discussion
This is the first prospective trial evaluating the treatment efficacy of osimertinib in patients with previously EGFR-TKI-treated NSCLC harboring the EGFR T790M resistance mutation, detected from ctDNA with unknown EGFR tumor mutation status. In the present study, osimertinib showed favorable efficacy and a similar safety profile, in comparison with previous trials that were based on tumor or plasma genotyping [2] [3] [4] .
In a post hoc analysis of samples from the AURA phase I trial, which enrolled patients with and without tumor T790M mutations, Oxnard et al. [11] demonstrated that patients positive for T790M in their plasma showed comparable efficacy Thirteen patients were positive for both Pana and Cobas at screening, but two patients failed to enroll in this study, b) Evaluated in response evaluable population.
(ORR and PFS), which was similar to the results that were based on tumor genotyping. These data suggested a new paradigm: plasma genotyping could be used as a screening tool before tissue re-biopsy for the detection of acquired resistance, and a positive result obviates tumor biopsy. The difference in our study is that we prospectively enrolled patients using only plasma genotyping among patients with acquired resistance to prior EGFR-TKI, which reflects realworld practice. We have demonstrated the utility of plasma genotyping as a companion diagnostic test for osimertinib treatment.
Osimertinib showed marked penetration of the bloodbrain barrier and greater access to the brain in animal models [18] . In the AURA trials, osimertinib demonstrated meaningful efficacy against CNS metastases, including leptomeningeal seeding [3, 4, [19] [20] [21] . Our results also show acceptable CNS effects, despite a greater proportion of brain metastases than the AURA 3 trial (52.6% vs. 33%). While the PFS in the ITT population of this trial was shorter than that of the AURA 3 trial (median, 8.3 months; 95% CI, 7.9 to 8.7 vs. 10.1 months; 95% CI, 8.3 to 12.3), the PFS in the brain metastasis subgroup was similar between the two trials (median, 8.4 months; 95% CI, 6.5 to 10.3 vs. 8.5 months; 95% CI, 6.8 to 12.3). In this trial, there were no significant differences in ORR, median PFS, and DoR according to brain metastasis. Therefore, these data suggest that the clinical efficacy of osimertinib can be maintained, irrespective of brain metastasis.
After acquiring resistance to EGFR-TKIs, testing to confirm the acquisition of the T790M mutation has become a manda- Re-biopsy "before" or "after" administration of the third-generation EGFR-TKI, b)
Reports of EGFR mutation genotyping on re-biopsy was delayed and confirmed after enrollment of this trial.
tory procedure that is, this far, usually based on tumor genotyping. However, tumor biopsies have clear limitations in clinical practice for patients with advanced lung neoplasms [7] . In a retrospective analysis of 139 patients with prior EGFR-TKI failure, Kawamura et al. [15] found that re-biopsy was performed in only 54% (75 patients), and the remaining 46% (64 patients) could not undergo re-biopsy due to poor performance status (n=19), inaccessible tumor site (n=19), and other reasons (n=26). In this trial, we performed re-biopsy in 73% (43 of 59) of ctDNA T790M-negative patients. However, one-third of ctDNA T790M-negative patients (14/43) underwent re-biopsies after the failure of one or more lines of chemotherapies when their tumors progressed further.
In a prospective study using droplet digital PCR, plasma genotyping significantly shortened the median turnaround time for the detection of acquired resistance compared with tissue genotyping (3 days vs. 27 days), with favorable specificity (63%) and sensitivity (77%) [22] . Therefore, the development of plasma-based liquid biopsies has changed the care of patients with lung cancer, especially those with advancedstage disease.
Even after proving its impact on cancer care, concerns remain about introducing liquid biopsy into the clinical setting with respect to test sensitivity and false-negative or false-positive rates. The AURA trials of osimertinib showed favorable sensitivity for plasma genotyping of the T790M mutation (70% with BEAMing [11] and 51%-64% with the Cobas test [4, 12] Tables 2 and  3 . In our results, two tests (Pana and Cobas) for detecting ctDNA harboring the T790M mutation showed similar and comparable sensitivity to previous studies (45.9% respectively and 56.8% in combination) ( Table 2 ).
In the AURA phase I study, Oxnard et al. [11] adverted discordance (T790M plasma-positive and tumor-negative or T79-0M plasma-negative and tumor-positive) through using the BEAMing assay, which represents a more sensitive technique than PCR. In their study, false-positives were minor (n=18) among the total diagnostic analysis set (n=216) [11] . In the AURA phase II study, the false-positive rate of the Cobas test was very low when assessed further using next- generation sequencing (MiSeq) [12] . The plasma T790M-negative subgroup in the AURA phase I study showed distinct differences in PFS according to tumor T790M positivity. Furthermore, in the present study, tumor biopsy was performed if the T790M mutation was not detected by plasma tests. Among the 43 patients who underwent subsequent tumor biopsy, 12 false-negative cases were detected. These 12 patients were treated with either osimertinib (n=10) or olmutinib (n=2). The ORR and DCR were 25.0% (3/12) and 91.7% (11/ 12) , and the median PFS was 5.9 months (95% CI, 0.0 to 13.0). Thus, tumor genotyping is necessary if plasma genotyping for T790M shows negative results, as the plasma T790M-negative population is composed of true and false-negatives.
Owing to an unknown tumor genotyping status at screening, the false-negative and false-positive rates of our study remain uncertain. However, the present plasma assay provided sufficient sensitivity to achieve the expected clinical outcomes (ORR 67% and median PFS 8.3 months). In addition, the clinical efficacy was not significantly affected by which tests (Pana or Cobas) showed positivity for the T790M mutation (p > 0.05) ( Table 3) .
The safety profile of this trial was consistent with previous reports of AURA trials [2] [3] [4] [5] . Osimertinib was well tolerated, and there was no need for dose reductions due to related AEs. Osimertinib treatment was discontinued in one subject owing to possible drug-induced interstitial lung injury, and the pneumonitis resolved after steroid and antibiotic treatment. The incidence of osimertinib-related lung injury was reported to be approximately 4% in prior AURA trials.
Although the study maturation was not fully achieved, the median PFS of this study (8.3 months; 95% CI, 7.9 to 8.7) was shorter than that of the patients who were plasma T790M-positive in the AURA phase I study (9.7 months) [11] . In the AURA phase III trial [4] , the median PFS was 10.1 months in tissue T790M-positive patients; however, it was 8.2 months in tissue and plasma T790M-positive cases. The shorter PFS might be due to the characteristics of patients with plasma T790M-positivity reflecting a high tumor burden or tumor DNA shedding features. It is possible that the patients who could not endure invasive biopsy procedures were more likely to be screened in this trial, as shown by the older patient age in this study (median 68 years vs. 60 and 62 years in the study by Oxnard et al. [11] and Mok et al. [4] , respectively). In this trial, PFS was measured from the ITT population, which included four patients with poor adherence to treatment who were incapable of undergoing response evaluations.
In conclusion, osimertinib had favorable efficacy in patients with NSCLC harboring the EGFR T790M resistance mutation, which was detected from ctDNA with unknown tumor T790M mutation status. The results of this phase II prospective trial support the change from tumor biopsy to plasma ctDNA in current screening practices for detection of the T790M mutation, which is a prerequisite for the prescription of third-generation EGFR-TKI after acquiring resistance to prior EGFR-TKIs. However, if the T790M mutation is not detected from the ctDNA, we recommend tumor biopsy, as ctDNA screening tests may present false-negative results.
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